I N T R O D U C T I O N
The essential advance of the patch clamp technique is to reduce background noise below that of the elementary current pulse from a single ion channel (Hamill et al., 1981) . The resulting ability to register durations of single channel open and closed dwell times allows the investigation of activation mechanisms. However, the observable dwell times correspond to relatively stable states of the channel protein, whereas short-lived dwell times of potential mechanistic significance remain obscured by background noise. Filtering the signal to reduce background noise necessarily imposes a dead time below which single channel current pulses are not detected. Since the earliest kinetic studies of single acetylcholine (ACh) receptor (AChR) channels, closed dwell times approaching the dead time have been paramount in the quest to decipher the activation mechanism (Dionne and Leibowitz, 1982; Colquhoun and Sakmann, 1985; Sine and Steinbach, 1986; Auerbach and Lingle, 1987) . More recently, an increased incidence of the briefest closed dwell times has been associated with the enhanced ability of a full agonist or a gain-of-function mutant to open the AChR channel (Lape et al., 2008; Mukhtasimova et al., 2009) . In terms of mechanism, these brief closed dwell times are suggested to originate from a preopen closed state, known as "flipped" or "primed," in the path toward channel opening.
To better define the activation mechanism of the muscle AChR, the present work implements procedures that reduce the system dead time and markedly increase the number of detected single channel dwell times. The unitary current amplitude is increased through removal of calcium and application of a greater potential driving force, whereas the sampling rate and filter bandwidth are increased to achieve an overall system dead time of 8 µs. In addition, agonist concentrations are maintained below those that reduce the unitary current amplitude via rapid, unresolved channel block, and in contrast to previous studies (Akk and Auerbach, 1996; The acetylcholine receptor (AChR) from vertebrate skeletal muscle initiates voluntary movement, and its kinetics of activation are crucial for maintaining the safety margin for neuromuscular transmission. Furthermore, the kinetic mechanism of the muscle AChR serves as an archetype for understanding activation mechanisms of related receptors from the Cys-loop superfamily. Here we record currents through single muscle AChR channels with improved temporal resolution approaching half an order of magnitude over our previous best. A range of concentrations of full and partial agonists are used to elicit currents from human wild-type and gain-of-function mutant AChRs. For each agonist-receptor combination, rate constants are estimated from maximum likelihood analysis using a kinetic scheme comprised of agonist binding, priming, and channel gating steps. The kinetic scheme and rate constants are tested by stochastic simulation, followed by incorporation of the experimental step response, sampling rate, background noise, and filter bandwidth. Analyses of the simulated data confirm all rate constants except those for channel gating, which are overestimated because of the established effect of noise on the briefest dwell times. Estimates of the gating rate constants were obtained through iterative simulation followed by kinetic fitting. The results reveal that the agonist association rate constants are independent of agonist occupancy but depend on receptor state, whereas those for agonist dissociation depend on occupancy but not on state. The priming rate and equilibrium constants increase with successive agonist occupancy, and for a full agonist, the forward rate constant increases more than the equilibrium constant; for a partial agonist, the forward rate and equilibrium constants increase equally. The gating rate and equilibrium constants also increase with successive agonist occupancy, but unlike priming, the equilibrium constants increase more than the forward rate constants. As observed for a full and a partial agonist, the gain-of-function mutation affects the relationship between rate and equilibrium constants for priming but not for channel gating. Thus, resolving brief single channel currents distinguishes priming from gating steps and reveals how the corresponding rate and equilibrium constants depend on agonist occupancy. , events within all clusters of channel openings are included in kinetic fitting, rather than editing out apparently aberrant clusters. A minimal kinetic scheme is fitted to the dwell time sequences, and the ability to detect changes in transition rate constants is tested by comparing a full with a partial agonist and the wild-type with a gain-of-function mutant AChR. The kinetic scheme and fitted rate constants are evaluated by simulating stochastic data that incorporate the experimental system step response, sampling rate, background noise, and filter bandwidth, followed by identical procedures in event detection and maximum likelihood fitting. The results shed new light on how agonist occupancy, agonist efficacy, and a gain-of-function mutation affect rate and equilibrium constants for elementary steps within the activation mechanism. The ability to resolve brief single channel currents is expected to allow improved estimates of rate constants in AChRs after pharmacological interventions or mutations of functionally pivotal structures.
Improved resolution of single channel dwell times reveals mechanisms of binding, priming, and gating in muscle AChR

M AT E R I A L S A N D M E T H O D S
Determining the patch clamp step response A 1-kHz triangle wave from an 3351A waveform generator (Agilent Technologies) was applied to the "speed test input" of an Axopatch 200B patch clamp amplifier (Molecular Devices) with the gain set at 100 mV/pA and the internal Bessel filter at 100 kHz. The square wave output of the patch clamp was then sampled at intervals of 0.2 µs using a model BNC-2090 A/D converter with a PCI 6111e acquisition card (National Instruments); this sampling interval is the shortest achievable by the A/D converter, yields a smooth, unjointed step response, minimizes aliasing of high frequencies toward lower frequencies, and for consistency, was used in all data acquisition procedures. The step responses were recorded to the hard disk of a PC computer using the program Acquire (Bruxton), and a 20-s continuous stretch of step responses was exported as a .txt file using the program TAC (Bruxton). 10,000 individual step responses were aligned and summed using the program R, and a sigmoid function was fitted to the averaged step response using Prism software (GraphPad Software), yielding the 10-90% rise time for the patch clamp with (a) the 100-kHz internal Bessel filter alone and either an additional (b) 10-kHz or (c) 25-kHz Gaussian digital filter.
Simulating the patch clamp step response
This is required to determine the effective Gaussian filter frequency (Fc) to simulate single channel currents in accord with the experimental data. The Fc depends on the patch clamp step response, the internal 100-kHz Bessel filter, and the subsequent Gaussian digital filter and will differ from the setting of the Gaussian digital filter alone. Using the Yale HMM software included within TAC, a two-state, closed-open model was used to generate square wave current pulses, which were then sampled at intervals of 0.2 µs. Individual pulses were subjected to a range of Fc values, and the 10-90% rise time was determined by fitting a sigmoid function to each pulse. From a plot of the 10-90% rise time against Fc, the exact Fc that matches the rise time of the patch clamp step response was determined by interpolation. The process was repeated for step responses for the patch clamp with (a) the 100-kHz internal Bessel filter alone and either an additional (b) 10-kHz or (c) 25-kHz Gaussian digital filter.
Simulating single channel currents
The first step was to determine parameters describing the baseline and open channel current noise. A sweep from a representative single channel recording was analyzed using the Yale HMM software within TAC, which fits a kinetic scheme and a model of noise to the experimental data. In addition, the patch clamp step response, subjected to only the internal 100-kHz Bessel filter, was required, as described previously (Wang et al., 2000) . Noise was modeled as the output of an autoregressive (AR) filter with Gaussian white noise as the input (Venkataramanan and Sigworth, 2002) . The analysis yielded coefficients for each of three AR filters, the maximum number available in TAC. The second step was to simulate stochastic dwell time data, again using the Yale HMM software within TAC. Data were simulated given the kinetic scheme, rate constants determined from maximum likelihood analysis of the experimental data, the experimentally determined unitary current amplitude, 0.2-µs sampling interval, effective Fc of the patch clamp and the Gaussian digital filter, AR coefficients determined in the first step, and standard deviations of the baseline and excess open channel noise. To determine the noise standard deviations, simulations were performed first for the baseline and then for the open channel current noise. With everything else constant, the input standard deviation of the baseline noise was varied, initially without excess open channel noise, and the output standard deviation of the baseline noise was measured from the resulting simulated data. The input standard deviation was plotted against the output standard deviation, and the exact input standard deviation that yields an output standard deviation equal to that of the experimental baseline was determined by interpolation. The process was repeated for a range of input excess open channel noise standard deviations, and the exact input standard deviation that yielded an output standard deviation equal to that of the experimental open channel noise was determined by interpolation.
Determining the data acquisition dead time A 3351A waveform generator was connected to the A/D converter using a 50-Ω resistance load. Rectangular pulses of 200-mV amplitude, 1-kHz frequency, and specified durations were then recorded to the hard disk of a PC computer at a sampling interval of 0.2 µs using the program Acquire. Using the program TAC, a 6-s continuous stretch of pulses was subjected to the effective Fc of the experimental step response determined in simulating the patch clamp step response above, and pulse durations at half the unitary current amplitude were determined. The average pulse duration at the detection threshold was plotted against the original pulse duration, and the process was repeated for rectangular pulses with durations from 1 to 500 µs.
Single channel recordings
Patch clamp recordings from BOSC 23 cells (Pear et al., 1993) transfected with cDNAs encoding adult human wild-type or mutant muscle AChR subunits were obtained in the cell-attached configuration with a membrane potential of −120 mV and a temperature of 21°C. Standard practices for low noise recordings included a short-barrel pipette holder (Molecular Devices), minimizing the solution in contact with the Ag/AgCl wire inside the patch pipette, a thick coating of SYL GARD near the pipette tip and along the shank, avoiding cracking of the SYL GARD by overheating during the curing step, and minimizing immersion of the pipette in the external solution.
Single channel currents from an Axopatch 200B patch clamp amplifier, with the gain set at 100 mV/pA and the internal Bessel filter at 100 kHz, were sampled at intervals of 0.2 µs using a BNC-2090 A/D converter with a PCI 6111e acquisition card and recorded to the hard disk of a PC computer using the program Acquire. Criteria for accepting data for analysis included a patch clamp noise meter reading between 120 and 160 fA (RMSD at 5 kHz bandwidth) and clear temporal separation of clusters of openings arising from a single receptor channel. Single channel openings and closings were detected using the program TAC with the Gaussian digital filter set at 25 kHz and the detection threshold at half the unitary current amplitude. The unitary current amplitude was obtained from an all-points histogram from different segments of each recording and fitted by the sum of Gaussians (see Results , Fig. 4) ; the difference between the mean of the baseline and open channel currents was taken as the unitary current amplitude. In addition, the analysis yields standard deviations (σ n ) of the baseline and open channel noise, which together with half the unitary current amplitude (h) and the effective filter frequency Fc determine the rate of threshold crossings (λ n ) caused by noise alone according to λ n = Fc * exp(−h 2 /2σ n 2 ) (Colquhoun and Sigworth, 1983) . For a recording in which the patch clamp noise meter reads 160 fA, application of an effective Fc of 23.271 kHz yielded σ n = 1.24 pA for the baseline noise, and with h = 6.6 pA, yielded λ n = 0.016 s −1 , or one threshold crossing every 60 s. In the same recording, the open channel noise σ n = 1.385 pA, which yielded λ n = 0.27 s −1 , or one threshold crossing every 3.6 s.
Dwell times at the detection threshold were corrected for the effective filter frequency Fc (Colquhoun and Sigworth, 1983) and placed into logarithmic bins (Sigworth and Sine, 1987) , and the sum of exponentials was fitted to the open and closed time distributions. The fit of the closed time histogram was used to establish a critical closed time, which distinguishes closings within clusters from those between clusters, as described previously (Sine et al., 1990) . Openings and closings within all clusters were included for kinetic analysis, whereas single openings flanked by closings longer than the critical time were excluded. The global dataset comprises event sequences from two to four patches at each agonist concentration, with the concentrations spanning from the lowest concentration that yields clearly defined clusters up to a concentration that minimally reduces the unitary current amplitude caused by rapid, unresolved channel block (Fig. S1) . A kinetic scheme was fitted to the global dataset by the maximum likelihood method using MIL software (http ://www .qub .buffalo .edu), which corrects for events briefer than the system dead time, uniformly set to 8 µs. For each fitted rate constant, MIL provides an estimate of the error based on the curvature of the likelihood at its maximum (Qin et al., 1996) . To further evaluate each fitted rate constant, additional rounds of fitting were performed in which each rate constant was set to a range of trial values, and the remaining rate constants were allowed to vary. Log likelihood values for the constrained and unconstrained fits were then compared using the likelihood ratio test (Horn, 1987) . Twice the likelihood ratio was then compared with the χ 2 distribution with one degree of freedom. A rate constant was deemed acceptable if a 50% change of the rate constant gave a worse fit with significance of P < 0.01 or better. Nonnested schemes were compared using the Schwarz information criterion (Koehler and Murphree, 1988; Shelley et al., 2010) .
Mammalian cell expression
Human α, β, ε, and δ subunit cDNAs, inserted in the cytomegalovirus expression vector pRBG4, were transfected into BOSC 23 cells. The gain-of-function mutation αG153S was generated using the QuikChange site-directed mutagenesis kit (Agilent Technologies), and the presence of the mutation and absence of unwanted mutations were confirmed by sequencing the entire coding region. Cells were maintained in Dulbecco's modified Eagle's medium containing 10% (vol/ vol) fetal bovine serum at 37°C until they reached 50% confluence. Thereafter, cDNAs encoding wild-type or mutant AChR subunits, plus a cDNA encoding green fluorescent protein, were transfected by calcium-phosphate precipitation. Patch clamp recordings were made 12-48 h after transfection.
Online supplemental material Fig. S1 shows single channel current amplitude versus ACh concentration. Fig. S2 shows analysis of experimental and simulated single channel currents for the adult human AChR activated by ACh. Fig. S3 shows analysis of simulated single channel currents for the αG153S mutant AChR activated by ACh. Fig. S4 shows analysis of experimental and simulated single channel currents for the adult human AChR activated by CCh. Fig. S5 shows analysis of experimental and simulated single channel currents for the αG153S mutant AChR activated by CCh. Fig. S6 shows predicted macroscopic current as a function of time after a step increase of the ACh concentration for the wild-type AChR. Table  S1 shows a comparison of schemes with and without primed states. Table S2 shows a comparison of cyclic and noncyclic schemes. Table S3 shows the effect of noise on event detection in simulated data. Table S4 shows the results from simulation followed by kinetic fitting. Online supplemental material is available at http :// www .jgp .org /cgi /content /full /jgp .201611584 /DC1.
R E S U LT S
Patch clamp step response
Accurate measurement of brief single channel dwell times requires an assessment of the patch clamp temporal response, data acquisition and signal processing parameters, and event detection procedures. The first step, defining the patch clamp step response, was performed by applying a triangle wave to the patch clamp and then digitally recording the square wave output (Materials and methods). The averaged step response shows slight asymmetry but is approximately sigmoid (Fig. 1 A, dotted curve) . Fitting a sigmoid function to the step response for the patch clamp with its internal 100-kHz Bessel filter yields a 10-90% rise time of 4.92 µs. Subsequent filtering with a Gaussian digital filter set to either 10 or 25 kHz yields essentially perfect sigmoid step responses (Fig. 1 A, dashed and continuous curves), with 10-90% rise times of 35.00 and 14.75 µs, respectively. Thus, compared with the patch clamp and its internal 100-kHz Bessel filter, increasing the Gaussian Figure 1 . Patch clamp step response and temporal resolution of current pulses. See Materials and methods. (A) Averaged step response for the patch clamp and internal 100-kHz Bessel filter (dotted curve), sampled at intervals of 0.2 µs, and filtered with a Gaussian digital filter set to 10 kHz (dashed curve) and 25 kHz (continuous curve). The effective Fc for each step response, determined as described in Materials and methods, is 70.086 kHz for the patch clamp with the 100-kHz internal Bessel filter, 23.271 kHz for an additional 25-kHz Gaussian filter, and 9.840 kHz for a 10-kHz Gaussian filter. (B) Current pulses with the indicated durations are sampled at intervals of 0.2 µs and displayed without filtering (top row), with a 10-kHz filter (middle row), and with a 25-kHz filter (bottom row). A detection threshold at half the current amplitude (dashed line) defines the pulse duration at threshold shown by superimposed rectangular pulses. (C) Pulse durations at the detection threshold are plotted against the original pulse durations for the patch clamp with its 100-kHz Bessel filter (dotted curve) and after a Gaussian digital filter of 10 kHz (closed symbols) and 25 kHz (open symbols).
filter frequency from 10 to 25 kHz reduces the rise time by two thirds.
Pulse detection
The effects of a noninstantaneous rise time are illustrated for rectangular pulses of 10, 20, and 30 µs applied directly to the A/D converter and acquired with a sampling interval of 0.2 µs (Fig. 1 B) . The rise and fall of each pulse was generated with the Gaussian digital filter set to the effective Fc corresponding to either 10 or 25 kHz. Determination of the effective Fc for each filter frequency is described under simulating the patch clamp step response (Materials and methods). Increasing the filter frequency from 10 to 25 kHz clearly improves detection of brief pulses, as shown by reference to a detection threshold set at half the unitary current amplitude. To assess the ability to quantify pulses of varying durations, test pulses from 1 to 500 µs were acquired using a sampling interval of 0.2 µs and subjected to the effective Fc for three different filter frequencies. Pulse durations above the detection threshold were then plotted against the original pulse duration (Fig. 1 C) . For an Fc corresponding to the patch clamp with only the internal 100-kHz Bessel filter, the plot is linear over all but the briefest durations, and the y intercept reveals a dead time of 2.65 µs. With the addition of a 10-kHz Gaussian filter, our previous best bandwidth, the plot is linear over a narrower range of pulse durations, and the dead time is 18.8 µs. With a Gaussian filter of 25 kHz, the bandwidth in this work, the linear range increases and the dead time decreases to 7.9 µs. These limiting dead times, obtained for current pulses with known durations, coincide with those predicted by the equation dead time = 0.538 * [rise time] (Colquhoun and Sigworth, 1983) , demonstrating that the measured rise times, dead times, and effective Fc are self-consistent. Thus, compared with the patch clamp and its internal 100-kHz Bessel filter, increasing the Gaussian filter frequency from 10 to 25 kHz reduces the dead time by two thirds.
Resolution of experimental recordings
To achieve a signal to noise ratio suitable to a Gaussian filter frequency of 25 kHz (Materials and methods), the membrane potential was increased from our previous standard of −70 to −120 mV, and calcium was omitted from the pipette solution, yielding unitary currents with amplitudes of ∼13.2 pA for the adult human muscle AChR. Single channel currents activated by a low concentration of ACh were acquired with a sampling interval of 0.2 µs and displayed with the Gaussian digital filter set to either 10 or 25 kHz (Fig. 2 A) . Idealized current pulses, determined with the detection threshold set at half the unitary current amplitude, are shown below each trace. Increasing the filter frequency markedly increases the number of detected channel opening and closing events. After detecting events from the entire recording and correcting their durations for the effective Fc of the Gaussian filter (Colquhoun and Sigworth, 1983 ), a histogram of closed dwell times reveals not only a marked increase in the number of brief dwell times, but also the presence of a major exponential component near the dead time (Fig. 2 B) . Thus, increasing the Gaussian filter frequency from 10 to 25 kHz increases temporal resolution by approximately half an order of magnitude, which more than doubles the number of closings briefer than 100 µs, as indicated by the shaded bins in the histogram (Fig. 2 B) .
Wild-type adult human AChR activated by ACh
Single channel current traces, obtained using the experimental recording conditions and data acquisition and processing procedures just described, are illustrated for a range of ACh concentrations (Fig. 3) . The lowest ACh concentration is the minimum for which channel openings appear in clearly defined clusters; below this concentration, openings appear at a low but steady rate, and thus successive openings may correspond to different AChR channels. The highest ACh concentration was chosen to minimally reduce the unitary current amplitude owing to rapid, unresolved channel block by ACh ( Fig. S1 ; Sine and Steinbach, 1984) . Comparison of single channel current traces from low to high ACh concentrations reveals a progressive decrease in the durations of closed dwell times and a commensurate increase in the fraction of time the channel is open, hallmarks of a process driven by agonist concentration. The concentration dependence of closed dwell times is further evident in the closed duration histograms where the exponential component with longest mean duration moves toward briefer durations with increasing ACh concentrations. Open dwell times, comprised of two exponentials at 3 µM ACh, comprise a single exponential at higher concentrations. At a concentration of 100 µM ACh, the mean open duration decreases relative to that at lower concentrations, owing to channel blocking events that exceeded the dead time. Probability density functions generated from the best fit kinetic scheme (Scheme 1) superimposes well on the global set of dwell time histograms ( Fig. 3 and Fig. S2 ).
Choice of kinetic scheme
A principal aim of the analysis is to identify a kinetic scheme with a minimum number of states and state transitions that describes dwell time sequences from wildtype and gain-of-function mutant AChRs activated by ACh and the partial agonist CCh. A scheme comprised solely of agonist binding and channel gating steps yields qualitatively poor fits over the global range of agonist concentrations and ranks below a scheme with closed state intermediates in the path toward channel opening (Table S1 ). In particular, the fitted probability density functions in Fig. 3 were generated from Scheme 1:
The agonist A associates with the resting state R of the receptor with rate constants k +1 and k +2 , forming the states AR and A 2 R, and dissociates with rate constants k −1 and k −2 . A statistical factor is not included in either the association or dissociation rate constants because the ligand-binding sites are formed by different pairs of subunits and thus are nonidentical; as a result, the process of agonist binding is effectively sequential, which prevails when the agonist dissociation constants for the Table 1 . two sites diverge sufficiently or if agonist occupancy is negatively cooperative. The primed states, AR′ and A 2 R′, form with the forward rate constants p +1 and p +2 and return to the resting state with rate constants p −1 and p −2 . The agonist associates with the primed state with rate constant k +2 ′ and dissociates with rate constant k −2 ′. The open states AO and A 2 O form with the forward rate constants β 1 and β 2 and return to the primed states with rate constants α 1 and α 2 . The agonist blocks the open state A 2 O with the rate constant k +b and unblocks with the rate constant k −b . Agonist block of the AO state is not included because at the high agonist concentrations that produce block, the AO state is negligible. Scheme 1, originally introduced as the Flip model (Lape et al., 2008) , is a sub-hypothesis of the subsequent Primed model (Mukhtasimova et al., 2009) .
Scheme 1 was fitted to the global set of dwell time sequences for the wild-type AChR activated by ACh with all rate constants free to vary. The only constraint was that of detailed balancing of the rate constants within the cyclic portion of the scheme. Rate constants for ACh association with the resting state (Table 1) are some 10-fold slower than the theoretical rate of free diffusion between a small molecule substrate and an enzyme active site of ∼10 9 M −1 s −1 (Alberty and Hammes, 1958) and are indistinguishable for unoccupied and singly occupied receptors, indicating association with the resting state is independent of occupancy. In contrast, the rate constants for ACh dissociation differ between the two sites, indicating dissociation from the resting state depends on occupancy. Thus, the affinity of ACh for the first binding site is approximately 20-fold greater than that for the second site, solely due to differences in the dissociation rate constants. The rate constant for ACh association with the primed state is some 10-fold greater than that for the resting state and is on par with the rate of diffusion. Thus, although ACh association is independent of occupancy, it depends on receptor state, at least for the resting and primed states.
The affinity of ACh for the singly occupied primed state (K d ∼8 µM) is higher than that for the singly occupied resting state (K d ∼190 µM) and drives a commensurate increase in the equilibrium constant for priming the doubly relative to the singly occupied receptor. The cyclic configuration within Scheme 1 is essential, as a scheme without the interconnection between the AR′ and A 2 R′ states yields a significantly worse fit, as assessed by the likelihood ratio test, with P < 0.001 (Table S2 ). The forward rate constant for priming is almost 60-fold greater for doubly than singly occupied receptors, whereas the equilibrium constant for priming is only 20-fold greater (Table 1 ). The change in the log of the forward priming rate constants divided by the change in the log of the priming equilibrium constants is 1.3. According to rate-equilibrium free energy theory (Fersht et al., 1986) , after a structural perturbation such as Results from analysis of simulated data with experimental fitted parameters as the input.
b
Results from analysis of simulated data with the experimental fitted parameters, except with slower channel opening and closing rate constants (wild type: 125,000/2,100; αG153S: 150,000/2,400) as the input.
agonist occupancy, the free energy change of the transition state is a linear combination of free energy changes of the flanking ground states, which predicts a log ratio between zero and one. However, a log ratio greater than one indicates agonist occupancy also affects priming at the stage of the transition state, reducing the activation energy barrier independently of free energy changes of the flanking ground states. Gating of the channel is also greater for doubly than singly occupied receptors and thus, like priming, depends on agonist occupancy. However, unlike priming, the forward gating rate constant is only 14-fold greater for doubly than singly occupied receptors, whereas the gating equilibrium constant is 170-fold greater (Table 1) . Thus, the change in the log of the forward gating rate constants divided by the change in the log of the gating equilibrium constants is 0.54, indicating the free energy change of the transition state comprises near equal contributions of the free energy changes of the flanking ground states.
An essential test of the experimental single channel recordings and kinetic analysis is simulation (Materials and methods). Stochastic current pulses were simulated according to Scheme 1, the fitted rate constants, the experimental agonist concentrations, and the experimentally determined unitary current amplitude. The sampling rate, effective filter bandwidth, and noise of the baseline and open channel currents were then applied to the stochastic current pulses. Examples of simulated single channel currents (Fig. 4) are shown after successive application of the experimental sampling interval (top trace), effective filter frequency Fc (middle trace), and baseline and open channel noise (bottom trace). An all-points histogram generated from the simulated data (bottom trace) exhibits peaks corresponding to the baseline and open channel noise (Fig. 4 , shaded region), which are very close to the Gaussian fit to an all-points histogram from an experimental recording (Fig. 4, continuous curve) . Thus, the simulations recapitulate the signal to noise ratio of the experimental single channel current traces.
The simulated single channel current traces for a range of ACh concentrations (Fig. 5) appear qualitatively similar to those obtained experimentally (Fig. 3 and Fig. S2) . Single channel open and closed dwell times were detected using the same half-amplitude threshold crossing method applied to the experimental traces. Histograms of the simulated closed dwell times again show a systematic dependence on agonist concentration in which the closed time component with longest mean duration moves to briefer durations with increasing agonist concentration. Similarly, histograms of open dwell times show two components at the lowest agonist concentration and one component at higher concentrations. Fitting Scheme 1 to the global sequences of simulated dwell times yielded probability density functions that superimpose well on the dwell time histograms (Fig. 5 and Fig. S2) . Moreover, the rate constants are very close to those obtained from analysis of the experimental data, with two notable exceptions: the channel opening and closing rate constants for the doubly occupied receptor are roughly twofold greater than those from fitting Scheme 1 to the experimental data (Table 1) . A plausible explanation is the previously demonstrated effect of noise on the briefest dwell times (McManus et al., 1987) . Owing to the exponential nature of stochastic dwell times, the number of brief events is always greater than the number of longer events, so that the effect of noise is not self-canceling across the range of dwell times. Instead, the number of events in briefer time bins will increase relative to those in longer time bins, leading to an overestimate of the decay rate of the briefest dwell times. To test this explanation, single channel dwell times were simulated according to Scheme 1, the fitted rate constants, a range of agonist concentrations, experimental sampling rate, and Fc, but without noise. For each agonist concentration, the number of events that surpassed the detection threshold was determined. After addition of noise to the same events, the number of events that surpassed the detection threshold was compared with that without noise. In all cases, addition of noise increased the number of detected brief events by 6-11% (Table S3) , thus contributing to the overestimates of the channel opening and closing rate constants.
To obtain improved estimates of the channel opening and closing rate constants, dwell time sequences were simulated with a series of trial pairs of opening and closing rate constants, whereas the remaining rate constants were set to those from analysis of the experimental data. Scheme 1 was then fitted to the simulated data with all rate constants free to vary, subject to the requirement of detailed balancing of the rate constants in the cyclic portion of the scheme. The process of simulation and kinetic fitting was repeated until the gating rate constants from fitting Scheme 1 to the simulated data concurred with those from fitting Scheme 1 to the experimental data (Table S4) . After multiple iterative simulations followed by kinetic fitting, input rate constants of β 2 = 125,000 s −1 and α 2 = 2,100 s −1 were found to yield output rate constants within 5% or less of those obtained from fitting Scheme 1 to the experimental data (Table 1 ). In addition, the nongating rate constants were very similar to those obtained from fitting Scheme 1 to the experimental data. Thus, the channel opening and closing rate constants for the doubly occupied receptor are slower than those determined from a direct fit of Scheme 1 to the experimental data, although they still predict rapid and efficient channel gating (β 2 = 125,000 s −1 ; Θ 2 = β 2 /α 2 = 59). The mean burst duration, determined at a low ACh concentration, provides a bandwidth-independent check of the fitted rate constants within the right-hand portion of Scheme 1. A burst is defined as one or more openings in quick succession where the brief intervening closings correspond to sojourns in the states A 2 R′ and A 2 R in Scheme 1. From recordings obtained in the presence of the lowest concentration of ACh, 3 µM, the mean burst duration is 1.29 ms. An expression for the mean burst duration, obtained by analogy to Eq. 3.9 in Colquhoun and Hawkes (1981) , is given by
where the rate constants are as defined for Scheme 1. Eq. 1 is valid in the limit of low agonist concentration, where bursts terminate by agonist dissociation and reassociation is negligible. The mean burst duration computed from Eq. 1 and the fitted rate constants is 1.42 (Table 1) , but with channel gating rate constants of β 2 = 125,000 s −1 and α 2 = 2100 s −1 determined by iterative simulations followed by kinetic fitting (see Table S4 ). Rate constants from fitting Scheme 1 to the simulated data are presented in Table 1 . ms, in good agreement with the value determined experimentally and providing bandwidth-independent support of the rate constants in the right-hand portion of Scheme 1.
αG153S mutant AChR activated by ACh
The mutation αG153S, located within each agonist-binding site, markedly prolongs ACh-elicited channel opening episodes. Previous work, based on a scheme with a direct transition between closed and open states, suggested the prolonged channel opening episodes arise from slowing of agonist dissociation from the doubly occupied resting state, which greatly increases channel reopening (Sine et al., 1995a) . Thus, single channel currents from the αG153S AChR were examined using the experimental data acquisition and analyses methods just described. The αG153S AChR exhibited well-defined clusters of single channel openings at lower concentrations of ACh than for the wild-type AChR, allowing study of a range of concentrations well below those that reduce the unitary current amplitude caused by rapid, unresolved channel block. Comparison of single channel current traces, from low to high ACh concentrations, again reveals a progressive decrease in the durations of closed dwell times and a commensurate increase in the fraction of time the channel is open (Fig. 6) . The closed duration histograms again show a systematic dependence on ACh concentration, but in addition, the αG153S mutation produces a distinct signature: at the lowest ACh concentrations and for durations briefer than 500 µs, two exponential components are clearly distinguished, in contrast to the closely spaced components observed for the wild-type AChR (Figs. 2 B and 3) . Open dwell times, comprised of two exponential components at 1 µM ACh, again comprise a single exponential at higher concentrations. However, owing to the lower agonist concentrations, the mean open duration decreased modestly as the result of reduced incidence of channel blockages that exceeded the dead time. Fitting Scheme 1 to the global set of dwell time sequences yields probability density functions that superimpose well on the dwell time histograms (Fig. 6) .
Rate constants for ACh association with the resting state are two-to threefold greater for the αG153S compared with the wild-type AChR but remain below the rate of diffusion (Table 1) . The association rate constants for unoccupied and singly occupied receptors are similar, in agreement with occupancy independence of the association rate constants observed for the wild-type AChR. Rate constants for ACh dissociation differ between the singly and doubly occupied resting states and thus are occupancy dependent, as observed for the wild-type AChR, but they are slower by 2-and 10-fold, respectively, compared with those for the wild-type AChR. The ratio of dissociation to association rate constants reveals that the αG153S mutation increases ACh affinity by 4-and 20-fold for the first and second occupancy steps, respectively, thus yielding a smaller difference in affinity between the two binding sites compared with the wild-type AChR. The rate constant for ACh as- Table 1. sociation with the primed state is greater than that for the resting state, and thus association depends on receptor state, as observed for the wild-type AChR. However, the rate of association with the primed state exceeds the theoretical rate of diffusion (Table 1) , although it is on par with that predicted by diffusion combined with electrostatic, dipolar, and van der Waals attractive forces that increase the local agonist concentration (Zhou and Zhong, 1982) . Furthermore, association between the enzyme carbonic anhydrase and its substrate proceeds at a rate greater than that of diffusion (Koenig and Brown, 1972) . A scheme without the interconnection between the AR′ and A 2 R′ states yields a significantly worse fit, as observed for the wild-type AChR, and the likelihood ratio test indicated P < 0.001 (Table S2 ). Thus, although the association and dissociation rate constants retain their respective dependencies on state and occupancy, the αG153S mutation increases ACh affinity through reciprocal changes in the rate constants for association and dissociation.
The affinity of ACh for the primed state of the αG153S AChR (K d ∼2 µM) is modestly greater than that for the resting state (K d ∼8 µM) and drives an only fourfold increase in the equilibrium constant for priming the doubly relative to the singly occupied receptor (Table 1) . However, the forward rate constant for priming increases 60-fold for the doubly relative to the singly occupied receptor, indicating successive occupancy by ACh increases the priming rate constant much more than it increases the priming equilibrium constant. The change in the log of the priming rate constants divided by the change in the log of the priming equilibrium constants is 3.1, indicating the αG153S mutation amplifies the contribution of ACh occupancy at the stage of the transition state.
Channel gating of the αG153S AChR increases for singly relative to doubly occupied receptors, with the forward rate constant increasing 33-fold and the equilibrium constant increasing 650-fold (Table 1) ; the change in the log of the forward rate constants divided by the change in the log of the equilibrium constants is 0.54. Thus, as observed for the wild-type AChR, the free energy change of the gating transition state contains near equal contributions of the free energy changes of the flanking ground states.
The fitted rate constants for the αG153S AChR were tested by simulation, as described for the wild-type AChR. Fitting Scheme 1 to the simulated data yielded rate constants in accord with those from the experimental data, but as observed for the wild-type AChR, the channel opening and closing rate constants for the doubly occupied receptor are too fast (Table 1) . Simulation followed by kinetic fitting showed that input rate constants of β 2 = 150,000 s −1 and α 2 = 2,400 s −1 yield output rate constants within 3% of those obtained from fitting Scheme 1 to the experimental data while the nongating rate constants remain close to their original values (Table 1) . Simulated single channel traces, dwell time histograms, and probability density functions obtained from the fit of Scheme 1 to the simulated data are shown in Fig. S3 . Thus, simulation confirms the nongating rate constants and provides improved estimates of the channel gating rate constants.
The mean burst duration for the αG153S AChR, determined at a concentration of 300 nM ACh, is 8.9 ms, close to the value of 8.7 ms computed from Eq. 1 and the fitted rate constants and longer than that for the wild-type AChR. By inspection of Eq. 1, the major cause of the prolonged burst duration is a marked slowing of the rate constant for ACh dissociation, k −2 . Thus, analysis of burst durations provides bandwidth-independent support of the rate constants in the right-hand portion of Scheme 1.
Wild-type adult human AChR activated by CCh
CCh has the same configuration of heavy atoms as ACh, but instead of an acetyl group, it contains an amide group. Moreover, CCh is less potent and less efficacious than ACh (Sine and Steinbach, 1987; Marshall et al., 1991) , suggesting binding, priming, gating, or a combination of these steps differ between the two agonists. Thus, single channel currents from the wild-type AChR elicited by CCh were studied using the same experimental, data acquisition, and analyses methods applied to the wild-type and mutant AChRs activated by ACh. Compared with ACh, higher concentrations of CCh are required to elicit well-defined clusters of single channel openings. Comparison of single channel current traces, from low to high CCh concentrations, again reveals a progressive decrease in the durations of closed dwell times, but in contrast to ACh, the fraction of time the channel is open is greatly reduced (Fig. 7) . In addition, the closed duration histograms exhibit a signature distinct from that observed for ACh: closings of both brief and long durations are abundant, whereas closings of intermediate durations are relatively sparse. In contrast, the distributions of open dwell times are similar between CCh and ACh. Probability density functions generated from fitting Scheme 1 to the global dwell time sequences superimpose well on the dwell time histograms ( Fig. 7 and Fig. S4 ).
The rate constant for association of CCh with unoccupied, resting state receptors is not well defined, despite error estimates <20% (Table 2 ). In subsequent rounds of fitting, setting the association rate constant to a range of values, while allowing the remaining rate constants to vary, yielded small but insignificant changes in the log likelihood, as determined by the likelihood ratio test (Materials and methods). However, each trial association rate constant produced a reciprocal change in the dissociation rate constant, so that the ratio of the rate constants was stable over all fitting trials; the resulting dissociation constant was twofold smaller than that for ACh (Table 2 ). In contrast, the rate constant for association of CCh with singly occupied, resting state receptors is well defined and is more than 10-fold slower than that for ACh. The rate constant for dissociation of CCh from doubly occupied, resting state receptors is twofold slower compared with that for ACh, and the ratio of dissociation to association rate constants reveals nearly a 10-fold reduction in CCh affinity relative to ACh. Thus, the affinity of CCh for the two binding sites differs by 300-fold, indicating CCh is more site-selective than ACh.
Rate constants for association and dissociation of CCh with the primed state are also not well defined (Table 2) . A likely reason is that sojourns in the singly and doubly primed states are rare compared with those in the resting state, and recordings with 10-fold more events would be needed to quantify transitions among primed states. Nevertheless, the log likelihood for Scheme 1 is greater than that for a scheme without the interconnection between the AR′ and A 2 R′ states, and the likelihood ratio test indicates a significance of P < 0.02 (Table S2 ). In further rounds of fitting, setting either the priming association or dissociation rate constant to a range of values, while allowing the remaining rate constants to vary, revealed only small and insignificant changes in the log likelihood. The ratio of dissociation to association rate constants remained stable, however, and revealed higher affinity of CCh for the primed (58 µM) than the resting (1,200 µM) state.
The increased affinity of CCh for the primed over the resting state drives a commensurate increase in the priming equilibrium constant for doubly relative to singly occupied receptors (Table 2) , as observed for ACh. However, the priming rate and equilibrium constants are much smaller for CCh than ACh, which account for the reduced efficacy of CCh. In further contrast to ACh, successive occupancy by CCh increases the priming rate and equilibrium constants by equal amounts. As a consequence, the change in the log of the priming rate constants divided by the change in the log of the priming equilibrium constants is 0.99, indicating that upon successive occupancy by CCh, nearly all of the free energy change of the priming reaction is realized in the transition state, and unlike a full agonist, occupancy by a partial agonist does not contribute at the stage of the priming transition state. Thus, CCh, an agonist with reduced efficacy, not only reduces the absolute values of the priming rate and equilibrium constants, but it also reduces the occupancy dependence of the priming rate relative to the equilibrium constant.
The channel gating rate and equilibrium constants also increase with successive occupancy by CCh, as observed for ACh. The forward gating rate constant is 12-fold greater for doubly than singly occupied receptors, whereas the equilibrium constant is 40-fold greater. Thus, the change in the log of the forward gating rate constants divided by the change in the log of the gating equilibrium constants is 0.67, again indicating the free energy change of the gating transition state comprises Table 2 . similar contributions of the free energy changes of the flanking ground states.
The fitted rate constants for the wild-type AChR activated by CCh were again evaluated by simulation. Fitting Scheme 1 to the simulated data yielded rate constants in accord with analysis of the experimental data, but as observed for the wild-type and αG153S AChRs activated by ACh, the channel opening and closing rate constants for the doubly occupied receptor are too fast (Table 2) . Simulation followed by kinetic fitting shows that input rate constants of β 2 = 100,000 s −1 and α 2 = 1,900 s −1 yield output rate constants within 8% of those obtained from fitting Scheme 1 to the experimental data (Table 2) , whereas the nongating rate constants that are well defined in the fit of Scheme 1 to the experimental data remain close to their original values. Simulated single channel traces, dwell time histograms, and probability density functions obtained from the fit of Scheme 1 to the simulated data are shown in Fig. S4 .
The mean burst duration for the wild-type AChR activated by CCh, determined at a CCh concentration of 10 µM, is 1.03 ms, close to the value of 0.93 ms computed from Eq. 1 and the fitted rate constants, again providing bandwidth-independent support for the rate constants in the right-hand portion of Scheme 1.
αG153S AChR activated by CCh
As a final perturbation, single channel currents from the αG153S AChR elicited by CCh were studied using the same experimental, data acquisition, and analyses methods applied to the previous agonist-receptor combinations. The single channel current traces and dwell time histograms exhibit the same systematic dependencies on agonist concentration observed for the other agonist-receptor combinations (Fig. 8 and Fig. S5 ). The overall data show that the αG153S mutation remains a gain-of-function mutant with CCh as the agonist, whereas CCh remains a partial agonist with αG153S as the receptor (Fig. 8) . Both trends, however, differ quantitatively from those for the other three agonist-receptor combinations.
The rate constants for CCh association with the resting state of the αG153S AChR are similar for unoccupied and singly occupied receptors, whereas the dissociation rate constants differ between doubly and singly occupied receptors (Table 2) , as observed for the other agonist-receptor combinations (Table 1 ). The ratio of dissociation to association rate constants indicates the αG153S mutation increases affinity for CCh compared with that for the wild-type AChR, with the greatest increase occurring in the second occupancy step. In contrast, CCh exhibits reduced affinity for the αG153S AChR compared with ACh. Notably, as will be important in determining burst duration, the rate constant for CCh dissociation from the doubly occupied resting state is similar for αG153S and wild-type AChRs. 
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The rate constants for association and dissociation of CCh with the primed state are not well defined; in subsequent rounds of fitting, setting either the association or dissociation rate constant to a range of values, while allowing the remaining rate constants to vary, reveals small and insignificant changes in the log likelihood, but the ratio of dissociation to association rate constants remains stable. Furthermore, the log likelihood for Scheme 1 is greater than that for a scheme without the interconnection between the AR′ and A 2 R′ states, and the likelihood ratio test indicates a significance of P < 0.02 (Table S2 ). The affinity of CCh for the primed state (32 µM) is modestly greater than that for the resting state (102 µM) and drives only a threefold increase in the priming equilibrium constant for doubly relative to singly occupied receptors (Table 2 ). However, the forward rate constant for priming is 17-fold greater for doubly relative to singly occupied receptors, and the change in the log of the priming rate constants divided by the change in the log of the priming equilibrium constants is 2.4, again indicating CCh occupancy contributes to priming at the stage of the transition state. Thus, as observed for ACh, the αG153S mutation increases agonist efficacy and amplifies the contribution of CCh occupancy at the stage of the priming transition state.
Channel gating of the αG153S AChR increases with successive CCh occupancy, with the forward rate constant increasing 25-fold and the equilibrium constant increasing 110-fold for doubly relative to singly occupied receptors. The change in the log of the gating rate constants divided by the change in the log of the gating equilibrium constants is 0.68, similar to that for the wild-type AChR activated by CCh, again indicating the free energy change of the gating transition state contains similar contributions of the free energy changes of the flanking ground states. Thus, the four agonist-receptor combinations exhibit diverging relationships between rate and equilibrium constants for priming, whereas they exhibit similar relationships between rate and equilibrium constants for channel gating. Furthermore, agonist efficacy and the gain-of-function mutation uniquely affect the priming step, whereas they do not affect the gating step.
The fitted rate constants for the αG153S AChR activated by CCh were again tested by simulation. Fitting Scheme 1 to the simulated data yielded rate constants in accord with those from analysis of the experimental data, but as observed for the other receptor-agonist combinations, the channel opening and closing rate constants for the doubly occupied receptor are too fast (Table 2) . Simulation followed by kinetic fitting showed that input rate constants of β 2 = 130,000 s −1 and α 2 = 2,500 s −1 yield output rate constants within 5% of those obtained from fitting Scheme 1 to the experimental data (Table 2) , whereas the nongating rate constants remain close to their original values. Simulated single channel traces, dwell time histograms, and probability density functions obtained from the final fit of Scheme 1 to the data are shown in Fig. S5 .
The mean burst duration for the αG153S AChR, at a concentration of 3 µM CCh, is 0.84 ms, close to the Table 2 .
value of 0.94 ms computed from Eq. 1 and the fitted rate constants. Surprisingly, however, the mean burst duration is close to that for the wild-type AChR activated by CCh (1.03 ms). Thus, although the αG153S mutation increases burst duration with ACh as the agonist, it does not increase burst duration with CCh as the agonist. From inspection of Eq. 1, the major reason is that the rate constant for CCh dissociation, k −2 , is similar between the αG153S and wild-type AChRs, whereas that for ACh dissociation is much slower for the αG153S than the wild-type AChR. Thus, the diverging effects on burst duration suggest ACh, but not CCh, senses the structural change caused by αG153S.
Occupancy dependence of priming and gating steps
For each agonist-receptor combination, rate constants for priming and gating for singly and doubly occupied receptors are summarized as free energy landscapes (Fig. 9) . In all cases, the barriers and wells are higher for singly than doubly occupied receptors, indicating the rate and equilibrium constants for the priming and gating steps depend on agonist occupancy. Wells corresponding to the doubly occupied open state are lower for the full agonist ACh than the partial agonist CCh, owing solely to differences in the priming steps; wells for the singly occupied open state show a similar trend, with the priming step varying more than the gating step. Wells corresponding to either the singly or doubly occupied primed state are lower for the αG153S than the wild-type AChR, and thus enhanced priming rather than gating is the major cause for the increase in channel opening by the αG153S mutation. When expressed in terms of free energy, differences among the four agonist-receptor combinations appear relatively small, but the widely diverging kinetics arise from the exponential dependence of the rate constant on free energy.
D I S C U S S I O N
A major goal of this work is to better define the activation mechanism of the muscle AChR. Although fundamental steps within the mechanism have been identified, the mean durations of single channel events that define those steps approach the system dead time, and only a small fraction of the briefest events is typically detected. Thus, experimental recording conditions, data acquisition, and signal processing are optimized to markedly increase the number of detected brief events. The net result is an increase in temporal resolution approaching half an order of magnitude over our previous best, which improves the ability to fit kinetic schemes to single channel data and increases the accuracy with which rate constants are estimated. A recent study of embryonic muscle AChRs also improved temporal resolution through increases in potential driving force, filter bandwidth, and sampling rate (Stock et al., 2014) . Our find- Figure 9 . Free energy landscapes for priming and gating of singly and doubly occupied receptors. Free energy for each barrier (ΔG*) was computed from the corresponding rate constant (k) based on transition rate theory and the equation k = κ(k B T/h)exp(−ΔG*/RT), where κ is the transmission coefficient (assumed equal to one), k B is Boltzmann's constant, h is Planck's constant, R is the gas constant, and T is the absolute temperature. Rate constants are given in Tables 1 and 2 . Rate constants for gating of doubly occupied receptors are those obtained by simulation followed by kinetic fitting to correct for the effects of noise.
ings solidify previous conclusions that the rate-limiting step in AChR activation is formation of a primed state intermediate from which channel opening is rapid and efficient. Furthermore, they affirm that changes in the rate and extent of priming, rather than changes in channel gating, underlie differences in agonist efficacy. A second major goal is to better understand the nature of elementary steps within the activation mechanism, including how they depend on state of the receptor, occupancy by agonist, efficacy of the agonist, and a gainof-function mutation. Association of agonist depends on state of the receptor and type of agonist, but not on the number of bound agonists. In contrast, dissociation of agonist depends on the number of bound agonists, but not on state of the receptor. Priming of the receptor depends on the number of bound agonists and efficacy of the agonist, and the priming rate relative to the priming equilibrium constant also depends on the number of bound agonists and efficacy of the agonist. Gating of the receptor depends on the number of bound agonists but not on efficacy of the agonist, and the gating rate relative to the gating equilibrium constant also depends on the number of bound agonists but not on efficacy of the agonist. The ability to quantify changes in rate and equilibrium constants opens the way toward deeper understanding of the kinetic consequences of pharmacological or structural perturbations.
The kinetic scheme
The major criterion for the choice of kinetic scheme is a minimum number of states and state transitions. For more than 50 years, a scheme comprised of agonist binding and channel gating steps prevailed, as it accounted for macroscopic and single channel measurements of receptor activation in physiological and experimental settings. However, a preopen closed state, initially detected in single channel kinetic studies of the glycine receptor (Burzomato et al., 2004) , spurred the search for an analogous state in related Cys-loop receptors. In the muscle AChR, a preopen closed state, called flip, was associated with agonist efficacy (Lape et al., 2008) , and an analogous state, called primed, accounted for multiple open and closed states in gain-of-function mutant receptors (Mukhtasimova et al., 2009) . In the present study, improved temporal resolution, together with multiple agonist-receptor combinations, provides overwhelming evidence for closed state intermediates between resting closed and open states. Comprised of agonist binding, priming and channel gating steps, Scheme 1 has the minimum number of states and state transitions that describe the global dwell time sequences. A minimal scheme not only enhances the ability to obtain well-defined transition rate constants, but it will also facilitate determination of changes in rate constants caused by pharmacological or structural interventions. An expanded scheme, such as the generalized primed mechanism (Mukhtasimova et al., 2009) , remains a possibility and describes more complex activation kinetics from other members of the Cys-loop receptor family (Corradi et al., 2009; Lape et al., 2012; Corradi and Bouzat, 2014; Marabelli et al., 2015) . Whereas Scheme 1 contains one primed state, representing a single global conformation, the generalized primed mechanism contains two primed states, each associated with conformational change of one or two ligand-binding sites. However, in the present work, the dwell time distributions contain no missing or supernumerary components, and simulations based on Scheme 1 and the fitted rate constants recapitulate the observed kinetics. The single primed state in Scheme 1 may be a composite of two primed states that are not distinguished, either because the states are tightly coupled in the chosen agonist-receptor combinations or time resolution is still insufficient. Moreover, the utility of Scheme 1 is evident in its ability to associate changes in elementary rate constants with changes in the ability of the AChR channel to open in response to agonist.
The rate constants
The estimation of rate constants depends on quality of the data, which is determined by experimental conditions and data acquisition and data processing procedures. The present work begins with a focus on improving the signal to noise ratio to detect the briefest events under study, which is achieved by removal of calcium from the extracellular solution and increase of the membrane potential; both conditions are expected to affect the observed kinetics and are important in comparing the present with previous studies. Particular attention is given to accurately registering events near the system dead time, including decreasing the sampling interval, determining the effective filter frequency to correct brief event durations, and confirming the procedures by application to events with known durations. The net result is a dead time of 8 µs, which is uniformly applied to all the data. A brief dead time reduces the extent of the missed event correction, which becomes more accurate as more events are resolved. A uniform dead time is required for simultaneous fitting of multiple recordings and is also the reason for choosing a range of agonist concentrations that minimally reduce the unitary current amplitude caused by rapid, unresolved channel block. The range of experimentally accessible agonist concentrations also contributes to data quality and thus the ability to define transition rate constants. For three of the four receptor-agonist combinations, the highest concentration of agonist achieves an open channel probability near the maximum. For example, for the wild-type AChR activated by ACh, the highest ACh concentration achieves an open probability of 0.84, close to the maximum of 0.91 computed from the fitted rate constants (Table 1) . However, for the wild-type AChR ac-tivated by CCh, the highest CCh concentration achieves an open probability of 0.09, whereas the fitted rate constants predict a maximum of 0.51, potentially contributing to the inability to define rate constants between states with low incidence. A further contributor to data quality is event selection. Previous studies selected clusters of events for analysis based on measures of kinetic uniformity, and apparently aberrant clusters were excluded (Akk and Auerbach, 1996; Lape et al., 2008; . The present analysis includes all clusters of events, whereas only the infrequent and isolated single openings are excluded.
The estimated rate constants were subjected to both qualitative and quantitative evaluation. A qualitative test is the overlay of the probability density functions computed from the fitted rate constants upon the global set of dwell time histograms, which shows no missing or supernumerary components. Recordings over a range of agonist concentrations maximize the representation of states within the scheme, and global fitting is a powerful means to exclude combinations of rate constants that describe data from a single agonist concentration. The QUB software provides estimates of errors in the fitted rate constants, and each rate constant is further tested by constraining it to a range of values and then repeating the fitting with the remaining rate constants free to vary. Log likelihoods for the unconstrained and constrained fits are then compared using the likelihood ratio test. All but a few rate constants pass the likelihood ratio test, and the noted exceptions correspond to states with low incidence. Finally, Scheme 1 and the data acquisition and signal processing procedures were tested by stochastic simulation combined with the experimental sampling rate, effective filtering frequency, and baseline and open channel noise. The simulations confirm all but the channel gating rate constants, and further rounds of simulation and kinetic fitting yield improved estimates of the gating rate constants that mimic the experimental data. Thus, based on data quality and the ability of a single kinetic scheme to describe data from multiple agonist-receptor combinations, the estimated rate constants were deemed suitable to evaluate their dependence on the number of bound agonists, state of the receptor, agonist efficacy, and a gain-of-function mutation.
Association rate constants
ACh associates with the resting state of the wild-type AChR approximately 10-fold slower than the rate of diffusion, suggesting the binding site is not fully accessible to the surrounding solvent or dynamic conformational changes restrict agonist access. The rate constants are similar to those based on a scheme with a direct transition between closed and open states (Hatton et al., 2003; Lee et al., 2009; , although they are not expected to depend strongly on the presence of closed state intermediates or to require the ultimate in temporal resolution. The association rate constants do not contain a statistical factor, owing to structural nonequivalence of the binding sites, although such a factor would change the rate constants by a factor of two. The rate constant for ACh association does not depend on the number of sites occupied, although that for CCh is defined for association with singly but not unoccupied receptors. The rate constant for CCh association with singly occupied receptors is 10-fold slower than that for ACh and contributes to the potency difference between the two agonists. For ACh, the rate constants for association are more than10-fold faster for the primed than the resting state, and thus association depends on the state of the receptor. The rate constant for ACh association with the primed state is on par with the rate of diffusion (Alberty and Hammes, 1958) , suggesting the primed state is more accessible to the solvent than the resting state, is less structurally dynamic, or increases local electrostatic attractive forces. The rate constants for ACh association are increased by the αG153S mutation, yet they remain independent of occupancy but dependent on state of the receptor and type of agonist. Paradoxically, the rate constant for ACh association with the primed state of the αG153S AChR exceeds the rate of diffusion alone, further suggesting that priming increases accessibility to solvent, increases local electrostatic attractive forces (Zhou and Zhong, 1982) , or a combination of the two. Thus, the rate constants for agonist association are independent of occupancy but depend on state of the receptor, type of agonist, and a gain-of-function mutation.
Dissociation rate constants
The rate constant for ACh dissociation from the resting state of the wild-type AChR is faster for doubly than singly occupied receptors and thus depends on occupancy. This dependence likely originates from structural differences between the α-δ-and α-ε-binding sites, as established for a variety of ligand types (Sine and Claudio, 1991; Sine et al., 1995b; Osaka et al., 1999; Molles et al., 2002) . As a consequence, a statistical factor is not incorporated into the dissociation rate constants, as also noted for the association rate constants. Given that the association rate constants for the two sites are equivalent, the difference in dissociation rate constants is the sole source of agonist site selectivity. In contrast, the dissociation rate constants for the doubly occupied resting state are similar for ACh and CCh, suggesting type of agonist is not a strong determinant of the dissociation rate constant. In addition, the rate constants for ACh dissociation from the doubly occupied primed and resting states are similar, suggesting structural differences between the two states are small compared with those between the α-δ and α-ε sites. The αG153S mutation markedly slows the rate constant for ACh dissociation from the doubly occupied resting state, whereas the corresponding rate constant for CCh dissociation is unaffected; this agonist-selective effect on the dissociation rate constant explains why the mutation increases the mean burst duration for ACh but not for CCh. Thus, the rate constant for agonist dissociation depends on agonist occupancy but depends little on state of the receptor, or for the wild-type AChR, on the type of agonist.
Relationships between rate and equilibrium constants Seminal work by Fersht et al. (1986) set forth the key conceptual framework in which free energy of the transition state of an enzymatic reaction is a linear combination of the free energies of the flanking ground states. Thus, for a series of structural perturbations, a plot of log rate constant against log equilibrium constant yields a straight line with a slope between zero and one, which indicates the fraction of the free energy change of the overall reaction that is realized in the transition state. However, if the series of perturbations preferentially affects the transition state over the flanking ground states, the slope is greater than one. Edelstein et al. (1996) applied linear free energy relationships to transitions between resting, open channel, and desensitized states of the AChR. In their application, the structure of each functional state was independent of whether the agonist was bound, but each state bound the agonist with different affinity, allowing agonist-driven state transitions. Thus, for the transition between the resting and open channel states, they considered agonist occupancy as a structural perturbation and set forth expectations of how occupancy affects the relationship between the forward gating rate constant and the gating equilibrium constant. In particular, upon successive agonist occupancy, the change in the forward gating rate constant relative to the change in the gating equilibrium constant is determined by the extent to which the free energy change of the gating reaction is realized in the transition state. The following sections apply analogous reasoning to the occupancy dependencies of transitions between the resting and primed states and between the primed and open channel states.
The priming step
We find that the priming rate and equilibrium constants increase with successive agonist occupancy and that the relationship between rate and equilibrium constants depends on the type of agonist and the gain-of-function mutation. For ACh, successive occupancy of the wildtype AChR increases the forward priming rate constant more than it increases the priming equilibrium constant, whereas for CCh, successive occupancy increases the priming rate and equilibrium constants by equal amounts. Thus, for ACh, the ratio of the change in the log rate constant to the change in the log equilibrium constant is greater than one, indicating occupancy has a catalytic effect in which it preferentially stabilizes the priming transition state. In contrast, for CCh, the ratio approaches one, indicating that most, if not all, of the free energy change of the priming reaction is realized in the transition state. The possibility remains, however, that occupancy by either agonist affects the fraction of the free energy change of the reaction that is realized in the transition state, as well as the free energy of the transition state itself. For the αG153S mutation, successive occupancy by either ACh or CCh increases the priming rate constant much more than it increases the priming equilibrium constant. Thus, the mutation amplifies the effect of agonist occupancy at the stage of the priming transition state.
Channel opening and closing rate constants
We find that the rate and equilibrium constants for channel gating increase with successive agonist occupancy, but in contrast to priming, the relationship between rate and equilibrium constants shows little change among the four agonist-receptor combinations. Gating of singly occupied receptors, evident at low agonist concentrations, is faster and more efficient than in previous work based on a scheme with a direct transition between closed and open states (Hatton et al., 2003; , likely owing to the primed state intermediate between the two states. Gating of singly occupied receptors is also greater than estimates based on the Flip model (Lape et al., 2008) , equivalent to Scheme 1, possibly because of differences in experimental conditions or temporal resolution. Gating of doubly occupied receptors is faster and more efficient than that of singly occupied receptors, and both the rate and equilibrium constants exceed previous estimates based on the Flip model. The rate constant for channel closing is much slower than that for channel opening, which contributes to highly efficient channel gating. Successive agonist occupancy increases the forward gating rate constant less than it increases the gating equilibrium constant, in contrast to priming, and the ratio of the change in log rate constant to the change in the log equilibrium constant ranges between 0.54 and 0.68 for the four agonist-receptor combinations. Thus, somewhat more than half of the free energy change of the gating reaction is realized in the transition state, whereas there is no evidence for a catalytic effect of agonist occupancy at the stage of the gating transition state.
Time course of channel opening
A key prediction of Scheme 1 and the fitted rate constants is the time course of channel opening after a step increase of the agonist concentration. If the agonist concentration is saturating and channel block by the agonist is omitted, Scheme 1 becomes Scheme 2:
